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Macrophages accumulate in ischemic areas of such
pathological tissues as solid tumors, atherosclerotic
plaques and arthritic joints. Studies have suggested
that hypoxia alters the phenotype of macrophages in
a way that promotes these lesions. However, the
genes up-regulated by macrophages in such hypoxic
tissues are poorly characterized. Here, we have used
cDNA array hybridization to investigate the effects of
hypoxia on the mRNAs of 1185 genes in primary
human monocyte-derived macrophages. As shown
previously in other cell types, mRNA levels for vascu-
lar endothelial growth factor (VEGF) and glucose
transporter 1 (GLUT-1) were up-regulated by hypoxia.
However, the mRNAs of other genes were also up-
regulated including matrix metalloproteinase-7
(MMP-7), neuromedin B receptor, and the DNA-bind-
ing protein inhibitor, Id2. The promoters of GLUT-1
and MMP-7 confer hypoxic inducibility on a reporter
gene in RAW 264.7 macrophages, indicating that the
hypoxic up-regulation of these mRNAs may occur, at
least in part, at the transcriptional level. GLUT-1 and
MMP-7 mRNA were also shown to be up-regulated in
hypoxic macrophages in vitro by real-time RT-PCR,
and these proteins were elevated in hypoxic macro-
phages in vitro and in hypoxic areas of human breast
tumors. The hypoxia up-regulated genes identified
could be important for the survival and functioning of
macrophages in hypoxic diseased tissues, and their
promoters could prove useful in macrophage-deliv-
ered gene therapy. (Am J Pathol 2003,
163:1233-1243)

The presence of areas of low oxygen tension (hypoxia) is
a feature common to malignant tumors,’ wounds,? ar-

thritic joints® and atherosclerotic plaques.* These areas
form when the local blood supply is poorly organized,
occluded, or simply unable to keep pace with the growth
and/or infiltration of cells in a given area. Macrophages
accumulate in large numbers in such hypoxic/ischemic
tissues® and respond to hypoxia by up-regulating a num-
ber of transcription factors. Among the most prominent of
these are the hypoxia-inducible factors (HIFs) 1 and 2,
increased levels of which are seen in macrophages in
ischemic areas of malignant tumors,®” the inflamed sy-
novial lining of joints with rheumatoid arthritis® and human
dermal wounds.® Interestingly, conditional ablation of
HIF-1a in macrophages renders them incapable of mi-
grating into damaged/diseased tissue and performing
their normal inflammatory and microbicidal functions in
such sites.™

HIFs 1 and 2 are heterodimers consisting of different
hypoxia-inducible a subunits and a common, constitu-
tively expressed B subunit. Under normal oxygen ten-
sions (“normoxia”), the a subunits are rapidly ubiquiti-
nated and degraded by the proteasome. Hypoxia inhibits
ubiquitination of HIFs, causing them to accumulate in the
nucleus, where they bind to short DNA sequences called
hypoxia response elements (HREs) near oxygen-sensi-
tive genes,"" stimulating their transcription. Such genes
include vascular endothelial growth factor (VEGF)."? Ex-
pression of VEGF by macrophages is markedly in-
creased by exposure to hypoxia in vitro'® and in poorly
vascularized areas of malignant tumors™ where it pro-
motes the formation of new blood vessels, increasing the
supply of oxygen and nutrients to the area. Macrophages
are also known to release PR-39, a 39 amino acid peptide
that inhibits the degradation of HIF-1« protein by neigh-
boring cells, thereby stimulating their expression of
VEGF."® Together, these observations may explain pre-
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vious reports showing that the presence of high numbers
of tumor-associated macrophages (TAM) correlates with
increased tumor angiogenesis and/or reduced patient
survival in various forms of cancer.'*®

The ability of macrophages to accumulate preferen-
tially in ischemic/hypoxic areas of diseased tissues and
up-regulate hypoxia-inducible transcription factors has
led to the proposal that they may have utility as delivery
vehicles to target gene therapy to hypoxic tissues. In-
deed, we demonstrated recently that primary human
macrophages engineered to carry the gene for the pro-
drug activating enzyme, cytochrome p450 2B6, under
the control of a trimerized HRE, are capable of migrating
into the hypoxic centers of tumor spheroids (small, spher-
ical tumor masses grown in vitro), and activating expres-
sion of the enzyme. This produced marked tumor cell
killing in the presence of the non-toxic pro-drug, cyclo-
phosphamide.'” In addition, the murine macrophage-like
cell line, ANA-1, has been engineered to express inter-
feron-y (IFN-v) in hypoxia by transfecting cells with the
IFN-y gene under the control of the HRE from the induc-
ible nitric oxide synthase (iINOS) gene. In this way, mac-
rophages were made to selectively secrete this potent,
pro-inflammatory cytokine (and thus a series of other,
IFN-y responsive gene products) in hypoxia.'® Such an
approach could be used to target high-level expression
of such inflammatory mediators to diseased sites.'® How-
ever, the HREs used in these studies were originally
identified by virtue of their ability to confer hypoxic-induc-
ibility on reporter genes in tumor cell lines rather than
macrophages. As the activity of individual HREs varies
markedly between different cell types, we contend that
the most appropriate HRE for use in macrophage-based
gene therapies would be derived from a gene highly
up-regulated in hypoxic macrophages.

One study used randomly primed PCR followed by
sequencing of the products to identify genes up-regu-
lated by macrophages following a brief exposure to
hypoxia (1.5 hours). However, the cellular responses ob-
served were likely to represent only the very early stages
of the hypoxic response. This, together with the limita-
tions of the PCR-based method applied, might explain
why only one gene, MAPK phosphatase 1 (MKP-1), was
identified as being up-regulated in hypoxic macro-
phages.?°

In the present study we have used cDNA array hybrid-
ization to identify changes in mRNA levels in primary
human monocyte-derived macrophages (MDMs) caused
by 16 hours of exposure to hypoxia. Along with those of
such known hypoxia-regulated genes as VEGF and the
glucose transporter, GLUT-1, three other mRNA tran-
scripts are shown for the first time to be up-regulated by
hypoxia, the most highly induced being the enzyme ma-
trix metalloproteinase 7 (MMP-7, or matrilysin). These
findings were confirmed using real-time RT-PCR, and
then immunohistochemistry used to show the up-regula-
tion of both MMP-7 and GLUT-1 proteins in hypoxic hu-
man MDMs in vitro and by macrophages in hypoxic areas
of human breast tumors.

We then investigated the possibility of the MMP-7 and
GLUT-1 genes being up-regulated by hypoxia at the

transcriptional level using reporter gene constructs reg-
ulated by parts of the promoters of these two genes. Both
up-regulated luciferase gene expression in the macro-
phage cell line RAW 264.7 following exposure to hypoxia.
We confirmed the essential role of HIF-1 in the hypoxic
induction of the GLUT-1 promoter in macrophages by
showing that its hypoxic inducibility in RAW 264.7 cells
was lost when the HIF-1 binding site was ablated. Al-
though a putative HRE was identified in the MMP-7 pro-
moter, a trimer of this sequence was not able to up-
regulate luciferase gene expression in hypoxic RAW
264.7 cells, suggesting that other, as yet undetermined,
enhancers in this promoter may mediate the effects of
hypoxia on the transcription of this gene in such cells.

Materials and Methods
Cell Culture

Peripheral blood mononuclear cells were isolated from
platelet-depleted buffy coats provided by the Blood
Transfusion Service, Sheffield, UK, using Ficoll-Paque
Plus (Amersham Pharmacia Biotech, St. Albans, UK).
Mononuclear cells were cultured in Iscove’s modified
Dulbecco’s medium (Gibco BRL, Paisley, UK) supple-
mented with 2.5% human AB serum (Sigma, Poole, UK),
penicillin (100 1U/ml), streptomycin (100 wg/ml) and Fun-
gizone (1.25 pg/ml). Initially, 75-cm? flasks were seeded
with 4 X 107 to 1 X 108 cells. Glass coverslips (1.5-cm
diameter) were also placed in 12-well plates and seeded
with 4 X 10° mononuclear cells.

After 2 hours, the medium containing non-adherent
cells was removed and replaced with fresh medium.
Adherent cells (monocytes) were used in experiments
following a further 6 days of culture. Immunohistochemi-
cal staining for the pan macrophage marker, CD68, was
used to identify macrophages at this stage, as previously
described.' This indicated that >95% of cells were
monocyte-derived macrophages (MDMs). The murine
macrophage-like cell line, RAW 264.7, was obtained from
the European Collection of Animal Cell Cultures and cul-
tured according to their recommendations.

Hypoxic Induction Studies

Cells were incubated for 16 hours at 37°C in humidified
Heto multi-gas incubators containing either air (20.9%
oxygen; normoxia), or 0.5% oxygen; equivalent to patho-
logical levels of hypoxia which range from 0 to 1% oxy-
gen in vivo."~* Five percent CO, was used in all normoxic
and hypoxic incubators, with the balance being nitrogen
in hypoxic incubations. Separate Analox oxygen meters
were used in all incubators to monitor oxygen levels
throughout hypoxic induction studies.

cDNA Array Hybridization

Total RNA was prepared using the RNeasy Purification
System (Qiagen, Crawley, UK). RNA produced using this
kit is considered to be largely free of contaminating DNA.



However, a DNase step was performed to ensure total
removal of contaminating DNA. This involved incubating
500 ng of total RNA with 50 units of DNase | at 37°C for
30 minutes followed by phenol chloroform extraction and
ethanol precipitation, as described in the Atlas Pure Total
RNA Labeling System Kit (Clontech, Basingstoke, UK).
The production of radiolabeled cDNA probe mixture by
reverse transcription was performed with the same Kkit,
using a mixture of primers supplied by the manufacturer
to allowed the production of cDNAs from 1185 different
mRNAs. The probe mixture was then scintillation
counted, and 3 X 10° cpm of each probe hybridized to
Clontech Atlas Human 1.2 nylon arrays containing DNA
from these 1185 genes overnight at 68°C in 5 ml of Ex-
pressHyb solution (Clontech). Arrays were washed at 68°C,
four times with 2X SSC (1X SSC is 150 mmol/L NaCl, 15
mmol/L sodium citrate, pH 7.0) with 1% SDS, and once with
0.1X SSC with 0.5% SDS, as per the manufacturer’s instruc-
tions. Arrays were then exposed to Kodak BioMax MS film at
—70°C using an intensifying screen.

Macrophage isolation and exposure to normoxia/
hypoxia, RNA preparation, and hybridization was carried
out twice, on separate occasions, using cells from differ-
ent donors and different pairs of array membranes, to
confirm the results. Autoradiographs of the gene spots on
normoxic and hypoxic arrays were scanned in TIFF for-
mat and quantified using Atlas Image Version 1.5 soft-
ware (Clontech). Searching for the presence of putative
transcription factor binding sites in HREs was done using
the program Matlinspector Version 2.2, available at the
internet site http://transfac.gbf.de.

Real-Time RT PCR

RNA was prepared from primary human macrophages
using the Qiagen RNeasy Mini Kit, and was quantified by
UV spectrometry at 260 nm. Reverse transcription was
carried out using the First Strand cDNA Synthesis Kit for
PCR from Roche Applied Science (Mannheim, Germany).
Real-time PCR reactions were carried out using the
Roche Light Cycler, utilizing Roche SYBR Green re-
agents according to the manufacturer’s instructions. Am-
plification of PCR products was quantified during PCR by
measurement of fluorescence associated with binding of
double-stranded DNA to the SYBR Green dye incorpo-
rated in the reaction mix. The sequences of the oligonu-
cleotides used to PCR-amplify the cDNAs of interest
were: MMP-7 primer 1: ATG GAC TTC CAA AGT GGT
CAC CTA CAG, primer 2: GGA TAC ATC ACT GCA TTA
GGA TCA GAG; GLUT-11 primer 1: CAA CTG GAC CTC
AAA TTT CAT TGT GGG, primer 2: CGG GTG TCT TAT
CAC TTT GGC TGG; VEGF primer 1: CAG CGC AGC
TAC TGC CAT CCA ATC GAG A, primer 2. GCT TGT
CAC ATC TGC AAG TAC GTT CGT TTA. Housekeeping
genes (G6PDH, glucose-6-phosphate dehydrogenase;
ALAS, 5-aminolevulinate synthase gene; HPRT, hypoxan-
thine phosphoribosyltransferase; and PBGD, porphobi-
linogen deaminase) were quantified using the LightCy-
cler-h-Housekeeping Gene Selection Set (Roche)
according to the manufacturer’s instructions. This allows
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accurate and specific quantification of amplified product
by measurement of fluorescence produced by FRET (flu-
orescence resonance energy transfer) following the si-
multaneous hybridization of two gene-specific fluorophore-
labeled DNA oligonucleotides to adjacent sequences within
the amplified product. Following an initial denaturation step
of 95°C for one minute, 45 cycles of 95°C for 10 seconds,
60°C for 1 second, and 72°C for 10 seconds were used for
all MMP-7, GLUT-1, and VEGF PCRs. For housekeeping
genes, an initial denaturation step of 95°C for 10 minutes (to
activate the “Hotstart” Tag polymerase), followed by 45
cycles of 95°C for 10 seconds, 57.5°C for 15 seconds, and
72°C for 15 seconds was used.

Reporter Gene Constructs

Two forms of GLUT-1 enhancer were used: GLUT-1 N
(wild-type) and GLUT-1 mol/L (bearing a mutated, non-
functional HIF-1 binding site),?' consisting of a 184-bp
sequence from the rat GLUT-1 1 promoter cloned into the
Kpnl/Nhel sites of the pGL3 promoter luciferase reporter
construct (Promega, Southampton, UK). GLUT-1 N and
M were kind gifts from Dr. A. Maity, University of Penn-
sylvania Medical Center, Philadelphia, PA, USA. The OB-
HRE1 construct contained a trimer of a modified version
of the murine PGK 1 HRE, with defined spacer se-
quences added.?? This was used as a positive control in
the reporter studies as it is known to be induced in
hypoxic macrophages in vitro.”'” The OB-HRE1 trimer
was cloned into the Nhel site of the pGL3 promoter vec-
tor. This vector contains an enhancerless SV40 promoter
driving luciferase (LUC) expression. An MMP-7 promoter
construct,?® consisting of a 2.3-kb sequence from the
human MMP-7 promoter cloned into the pGL2 basic lu-
ciferase reporter vector, (which contains no promoter),
was a gift from Dr. H. Crawford, Vanderbilt University
Medical Center, Nashville, TN, USA.

Our examination of the promoter of the MMP-7 gene
(available in GenBank, Accession No. L22525) identified
a sequence (—617 to —590 relative to the transcription
start site) showing marked similarity to HREs found near
other hypoxia-regulated genes (shown in Table 1). This
putative HRE contains the HIF-1 binding sequence, 5'-
ACGTG-3', as well as a sequence, 5'-CACAG-3’, previ-
ously defined as the HIF ancillary site (HAS) in the VEGF
promoter.?* This was shown to be essential for the full
hypoxic-induction of the VEGF HRE, although the spac-
ing between the HBS and HAS in the case of MMP-7 (13
bp) differs from the reported 8 or 9 bp.?* A concatamer-
ized trimer of the putative MMP-7 HRE was synthesized
and cloned into the pGL3 promoter vector. A trimer was
used because previous studies have shown that such
multiple copies of HREs give good hypoxic inducibility in
human macrophages.'”'® The trimer was made by syn-
thesizing an oligonucleotide containing three copies of
the putative HRE plus additional bases incorporating Miul
and Xhol restriction sites for cloning and a BssHII site for
screening of clones. Positive strand MMP-7-HRE trimer:
5" CGCGCGC GGG ACG TGG AAG GTG AGG GGA
CAC AGC/GGG ACG TGG AAG GTG AGG GGA CAC
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Table 1. Comparison of the Double-Stranded DNA Sequences of the Putative HRE from the MMP-7 Gene with Two Other, Well-

Characterized HREs

HRE position in native

HRE DNA sequence HAS sequence gene Reference

MMP-7 GGACGTGGAAGGTGAGGGGA CACAG —617 to —590 Present study
CACAGCGCCTGCACCTTCCAC
TCCCCTGTGTCGC

OB-HRE1 GTCGTGCAGGACGTGACA None —299 to —272 22
TCTAGTCAGCACGTCCTGCA (in murine PGK1 gene)
CTGTAGATCA

EPO CCTACGTGCTGTCTCACACAG CACAG +3067 to +3089 24
CCTGGATGCACGACAGAGTGT
GTCGGA

A modified form of the murine PGK1 HRE, “OB-HRE1”,%2 which is known to be hypoxia-inducible in macrophage cell lines, and primary
macrophages,”'” and the human erythropoietin HRE (EPO) which is hypoxia-inducible in various cell types.'"?* The consensus HIF binding site (5'-
ACGTG-3') is underlined, and bases highlighted in italics on the OB-HRE1 sequence are the spacer sequence used in this OB-HRE1 timer.?? HRE
positions in the native genes are shown relative to the A of the ATG translation initiation codon (designated as +1),

AGC/GGG ACG TGG AAG GTG AGG GGA CAC AGC 3’
(the underlined bases were added to introduce an Miul
overhang and a BssHII site, and the individual HRE re-
peats are separated by slashes). Negative strand MMP-
7-HRE trimer: 5 TCGA GCT GTG TCC CCT CAC CTT
CCA CGT CCC/GCT GTG TCC CCT CAC CTT CCA CGT
CCC/GCT GTG TCC CCT CAC CTT CCA CGT CCC GCG
3’ (the underlined bases at the 5’ end introduce an Xhol
overhang, and those at the 3’ end introduce a BssHII
site). When annealed these primers gave an Mlul over-
hang at the 5’ end, and an Xhol overhang at the 3" end,
which allowed cloning into the Mlul/Xhol sites upstream of
the minimal SV40 promoter in pGL3 promoter, resulting in
the loss of the Mlul site, which is replaced with a BssHII
site for screening purposes. The Xhol site was main-
tained.

Cell Transfections

All DNA was prepared using Qiagen endotoxin-free maxi
prep kits. RAW 264.7 cells were trypsinized and plated in
plastic 6-well tissue culture plates at a density of 2 X 10°
cells per well 24 hours before transfection, and then
transfected using 6 wl of the Fugene 6 transfection re-
agent (Roche, Lewes, UK) according to the manufactur-
er’s instructions, using 1 ng of plasmid DNA per well, and
serum-free medium to bring the volume of the mixture up
to 100 wl per well. Medium was not removed before or
after addition of the Fugene/DNA mixture. Following in-
cubation of transfected cells in normoxic or hypoxic con-
ditions for 16 hours, medium was removed and the mono-
layers lysed with 200 wl of 1X luciferase assay passive
lysis buffer (Promega). Cells were rocked at room tem-
perature for 30 minutes, freeze-thawed once at —70°C,
centrifuged at 10,000 X g for 2 minutes to remove cell
debris, and then assayed for luciferase activity. Lumi-
nometry was performed using luciferase assay reagents
from Promega, and an MLX microtiter plate luminometer
(Dynex Technologies, Ashford, UK).

Immunolocalization of CD68, MMP-7, GLUT-1,
and HIF-1a Protein

Primary human monocyte-derived macrophages grown
on coverslips and exposed to normoxia (20.9% O,) or
hypoxia (0.5% O,) for 16 hours were removed from incu-
bators and fixed for 10 minutes in 10% formalin in PBS.
Ten ductal invasive breast carcinomas were obtained
from the archives of the Academic Unit of Pathology,
University of Sheffield, Royal Hallamshire Hospital, Shef-
field, UK, and four sequential 3-um sections were cut
from each block. For each set of sections, one section
was stained for CD68 (for macrophages), the second for
HIF-1«, the third for MMP-7, and the last used as the
negative control (see below).

After de-waxing and rehydration of tissue sections (not
needed for cells grown on coverslips), endogenous per-
oxidase was blocked using 3% H,O, in methanol for 20
minutes followed by the appropriate antigen retrieval
methods (in the case of tissue sections): for MMP-7 and
GLUT-1, microwaving (800W) in 0.1 mol/L tri-sodium ci-
trate (pH 7.4) for 8 minutes; for CD68, 0.01% protease
type XXIV (Sigma) in PBS at 37°C for 20 minutes; and for
immunostaining for HIF-1a, target retrieval solution
(DAKO Ltd, UK) at 95°C for 45 minutes.

After washing in PBS and incubation with normal
horse serum (Vector Laboratories, Peterborough, UK),
sections/coverslips were incubated for 16 hours at 4°C
in either a negative control monoclonal antibody (of the
same IgG isotype and concentration as MMP-7 anti-
body), a monoclonal anti-human MMP-7 antibody
which detects both latent and active forms (CN Bio-
sciences, Nottingham, UK) at a dilution of 1:100, a
monoclonal anti-human HIF-1a (NB100-123; Novus
Biologicals Inc., Littleton, CO) at a dilution of 1:100, a
monoclonal anti-human CD68 antibody (KP-1, Dako
Ltd, UK) at 1:100, or a monoclonal anti-human GLUT-1
antibody (Chemicon, Harrow, UK) at a dilution of 1:100.
For the HIF-1a immunostaining, the Catalyzed Amplifi-
cation System (CAS; Dako Ltd, UK) was used as the
detection system. This is based on the streptavidin-
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Figure 1. Genes expressed by human macrophages as detected by ¢cDNA
array analysis of mRNA levels. Two representative ¢cDNA array autoradio-
graphs are shown, after hybridization with radiolabeled probes from human
MDMs exposed to normoxia (21% oxygen) or hypoxia (0.5% oxygen),
respectively, for 16 hours. Enlarged versions of the array spots of the three
most highly up-regulated genes are shown. Essentially similar results were
different preparations of macrophage mRNA were used on separate arrays.

biotin horseradish peroxidase-complex formation. For
all other antibodies a standard three-stage immunoper-
oxidase technique was used (Vector Laboratories Elite
ABC Kit) together with either the red chromagen, AEC,
or the brown chromagen, DAB. Slides/coverslips were
then dehydrated, cleared, and mounted using aqua-
mount (BDH, Poole, UK).

Results

cDNA Array Analysis of the Effect of Hypoxia on
Macrophage Gene Expression

Typical array images generated following hybridization
with probes derived from normoxic (21% O,) and hypoxic
(0.5% O,) macrophages are shown in Figure 1. The fold
inductions (hypoxic divided by normoxic level) for the five
most highly up-regulated mRNA transcripts are given in
Figure 2. These mRNAs were confirmed as hypoxia-in-
ducible using a second pair of arrays hybridized to
probes derived from a different batch of MDMs (data not
shown). Two of the up-regulated genes, (GLUT-1 and
VEGF) have been previously reported to be hypoxia-
responsive in a range of cell types, including macro-
phages'®'21325-27 thys confirming the efficacy of the
hypoxic induction and RNA preparation methods used.
Three other novel, hypoxia-induced mRNA transcripts
were identified: MMP-7 (matrilysin), neuromedin B recep-
tor (NMBR), and DNA-binding protein inhibitor 1d2. In
addition, the mRNA levels for a number of other genes
were found to show reproducible down-regulation in hy-
poxia: RAB7 (a member of the RAS oncogene family;
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Gene Putative Gene Fold
function spots  Increase

21% 0.5%

MMP-7 Proteinase D [-im] 9.0

VEGF Pro-angiogenic D [EJ 8.2
cytokine

GLUT-1 Glucose uptake

[:H![ 6.4
L =] **

Neuromedin B Peptide receptor
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DNA binding Inhibits bHLH [:] ﬁj 38
protein inhibitor 1d2 transcription oo

factors

Figure 2. Genes regulated by hypoxia in human macrophages as detected
by ¢cDNA array analysis of mRNA levels. Insets show the matched array spots
of the five most highly up-regulated genes from a representative cDNA array
autoradiograph after hybridization with radiolabeled ¢cDNA probes derived
from human MDMs exposed to normoxia (21% oxygen) or hypoxia (0.5%
oxygen) for 16 hours. Fold induction values were calculated as the hypoxic
values divided by normoxic values for the same gene.

3.8-fold inhibition), matrix metalloproteinase 14 (3-fold),
IL-18 precursor (2.8-fold), and cathepsin C (2.5-fold)
(data not shown).

Around 120 of the 1185 genes represented on the
arrays used in this study were expressed at detectable
levels by MDMs in culture. In contrast to the relatively
small number of these identified here as being induced or
repressed by hypoxia, the majority were unaffected. A
small proportion of these genes were expressed at very
high levels, in both normoxia and hypoxia. The 20 most
abundant mRNAs are shown in Table 2. Interestingly,
three of these code for thymosins, a group of small pep-
tides known to perform a wide range of important func-
tions.282°

Confirmation of Key Array Results Using
Real-Time RT-PCR

Up-regulation of the three mRNAs shown by the arrays to
be most highly induced by hypoxia in primary human
macrophages, GLUT-1, MMP-7, and VEGF, was con-
firmed using real time RT-PCR (Figure 3). All three mR-
NAs were up-regulated in three independent experi-
ments, carried out on different days using macrophages
obtained from three different donors. Average fold induc-
tions were 16.4-fold for GLUT-1, 6.4-fold for VEGF, and
5.6-fold for MMP-7. Relative quantification of four house-
keeping genes was used to confirm that equal amounts
of normoxic and hypoxic RNA had been used for reverse
transcription in each experiment. In contrast to the three
genes of interest, MRNA levels of the four housekeeping
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Table 2. The Most Highly Expressed Genes in Both
Normoxic and Hypoxic MDM in Vitro

Gene Relative mRNA level
Thymosin-B-10 27
Thymosin-B-4 21.9
HLA class | 21.8
Alpha-1-acid glycoprotein 1 19.4
precursor
Glyceraldehyde 3-phosphate 15.3
dehydrogenase (GAPDH)
Ubiquitin 15.2
Tax responsive enhancer binding 10
protein (Taxreb 107, 60S RP)
ICAM-1 9.1
CD18, Cell surface/LFA1 8.7
27KDa heat shock protein 8.1
Nuclease sensitive element DNA- 8.1

binding protein

Apolipoprotein E precursor 6.7

Migration inhibitory factor related 6.6
protein 8

Matrix metalloproteinase 9 (MMP-9) 6.4

Transforming protein RHOA H12 6.3

40S ribosomal protein 55

Adenylate cyclase-stimulating G 5.3
alpha protein (GNAS)

Prothymosin (PTMA) 52

Migration inhibitory factor related 5.1
protein 14

Cathepsin D precursor 4.8

Levels are expressed as signal relative to cytoplasmic p-actin
mRNA (arbitrarily defined as 1 in this table) as determined by image
analysis of cDNA array gene spots.

genes were found to be either unaffected or slightly re-
duced by hypoxia (Figure 3B). The high degree of accor-
dance between the four housekeeping genes in normoxia
and hypoxia shows that the RNA samples used for the
RT-PCRs were accurately quantified and that the hy-
poxia-induced differences for MMP-7, GLUT-1, and
VEGF mRNAs observed in the array and real time RT-
PCR experiments were genuine.

Induction Studies

Luciferase reporter constructs driven by either the HRE
from the rat GLUT-1 promoter (used because the hu-
man GLUT-1 promoter has not been characterized) or
the human MMP-7 promoter were inducible by hypoxia
in the RAW 264.7 macrophage cell line (Figure 4). As
expected, the construct driven by the GLUT-1 HRE
bearing a point-mutated, non-functional HIF-1 binding
site®’ was not induced by hypoxia. This indicates that
HIF-1 is likely to be responsible for induction of the
GLUT-1 promoter in these cells. The data indicate that
the MMP-7 promoter is up-regulated by hypoxia at the
transcriptional level, at least in this cell line. The hy-
poxia-induced increases observed in MMP-7 mRNA
observed in primary macrophages by cDNA array and
RT-PCR analyses are therefore likely to be due to tran-
scriptional up-regulation, at least in part, although
other factors such as enhanced mRNA stability under
hypoxia could also play a part. The MMP-7 promoter
construct, although inducible by hypoxia, was ex-

A
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Figure 3. Effect of hypoxia on mRNA level determined using real-time
RT-PCR. A: A representative experiment illustrating PCR curves for amplifi-
cations of GLUT-1, MMP-7, and VEGF, which are used by the Lightcycler
software to calculate fold induction data, based on the PCR cycle at which
amplification becomes exponential for each individual test gene. B: Fold
induction in hypoxia relative to normoxia for each test gene and four
housekeeping genes. Negative values indicate a level of mRNA under hyp-
oxia lower than that under normoxia. Data shown is the mean of three
independent experiments carried out on three different RNA preparations.
Bars represent standard errors of the mean. MMP-7, matrix metalloproteinase
7; GLUT-1, glucose transporter 1; VEGF, vascular endothelial growth factor;
B2 mol/L, B2 microglobulin; GOPDH, glucose-6-phosphate dehydrogenase;
ALAS, 5-aminolevulinate synthase gene; HPRT, hypoxanthine phosphoribo-
syltransferase; PBGD, porphobilinogen deaminase.

pressed at generally lower levels compared with the
other constructs used (average LUC relative light unit
values under hypoxia were: pGL3 20,057; OB-HRE1
614,350; GLUT-1 N 761,215; GLUT-1 mol/L 96,184;
MMP-7 promoter 146). The markedly lower activity of
the MMP-7 construct is likely to be due to the fact that
it is the only construct which consists of a native pro-
moter, unlike the OB-HRE1 and GLUT-1 constructs
which consist of HRE enhancer sequences cloned into
the strong SV40 viral promoter found in the pGL3 pro-
moter vector.

The MMP-7 promoter construct was also tested in the
human macrophage cell line, U937, but the low transfec-
tion efficiency achieved with this cell line and the low level
of expression from the MMP-7 promoter construct meant
that there was insufficient luciferase production (ie,
above background), in normoxia or hypoxia, to assess
whether hypoxic induction of transcription of the MMP-7
construct was taking place (data not shown).

An examination of the sequence of the human MMP-7
promoter shows the presence of a 27-bp putative HRE-
like sequence (Table 1). To investigate the possible abil-
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Figure 4. Effect of hypoxia on luciferase reporter constructs after transfec-
tion into the murine macrophage-like cell line, RAW 264.7. Cells were
exposed to 20.9% (normoxia) or 0.5% O, (hypoxia) for 16 hours. pGL3, the
luciferase reporter construct pGL3 promoter containing the minimal, enhanc-
erless SV40 promoter; OB-HRE1,** a luciferase reporter construct controlled
by a trimer of the HRE monomer described in Table 1 (cloned into the
multiple cloning site of pGL3 promoter); MMP-7 promoter,?® a 2.3-kb se-
quence containing the promoter of the human MMP-7 gene, cloned into the
multiple cloning site of pGL2 basic (Promega), a promoterless luciferase
reporter construct. GLUT-1-N?! contains a 184-bp sequence from the rat
GLUT-1 promoter cloned into the multiple cloning site of pGL3 promoter
(which contains the viral SV40 promoter), and GLUT-1 mol/L is identical
apart from a 4-bp mutation (CGTG to ACAT) resulting in ablation of the HRE
(HIF binding site). Fold induction values refer to luciferase values obtained
under hypoxia divided by those seen under normoxia. Fold inductions
(hypoxic luciferase values divided by normoxic values) from four indepen-
dent transfections are shown. Means = SEM. *, P < 0.05 compared to pGL3
promoter (Mann Whitney [-test).

ity of this 27-bp sequence to act as a hypoxia-inducible
enhancer, a trimerized version of it was inserted into a
luciferase reporter construct (pGL3 promoter, which con-
tains a minimal enhancerless promoter). However, no
hypoxia inducibility was conferred on the luciferase re-
porter gene by this trimer in either the RAW 264.7 (Figure
4) or U937 (data not shown) cell lines.

Immunolocalization of GLUT-1 and MMP-7
Protein

MDMs expressed immunoreactive MMP-7 at low levels in
normoxia, but increased their expression of both GLUT-1
and MMP-7 markedly following exposure to 0.5% O, for
16 hours (Figure 5 A-D). MMP-7 was immunolocalized in
the cytoplasm, and GLUT-1 on the surface of hypoxic
MDM. Immunostaining of sections of malignant human
breast tumors showed the presence of clusters of CD68-
positive macrophages expressing MMP-7 in hypoxic ar-
eas (ie, where the macrophages and tumor cells express
HIF-1«; Figure 5, E-G). Tumor cells as well as macro-
phages expressed detectable levels of MMP-7 protein.
The size and number of these focal areas of positive
TAMSs was variable between individual tumors, as was the
presence of immunoreactivity to MMP-7 protein in tumor
cells. No immunostaining was evident in cell preparations
or on tissue sections when the MMP-7 antibody was
replaced by an IgG isotype-matched control antibody.
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Discussion

This study has examined the effects of hypoxia on the
mRNA levels of 1185 genes in human macrophages. Of
these, approximately 120 were expressed at detectable
levels in normoxic human monocyte-derived macro-
phages in vitro, with the majority of these being unaf-
fected by exposure to hypoxia. A number of mRNA spe-
cies were found at high levels in macrophages in
normoxia, and to be maintained in hypoxia. Three mem-
bers of the thymosin family were particularly prominent.
These peptides are known to be expressed by macro-
phages®° and to promote cell migration and angiogene-
sis, activation of metalloproteinases and immuno-modu-
lation.?®2° As our data show that these continue to be
expressed at extremely high levels in hypoxia, it is pos-
sible that thymosin release could contribute to the pro-
angiogenic activities of macrophages in tumors, arthritic
joints, and healing wounds.

However, a small panel of mRNA transcripts was
shown to be consistently up-regulated by hypoxia and
thus may play an important role in determining the activ-
ities of macrophages in ischemic/hypoxic diseased tis-
sues. Levels of mRNA for two genes previously known to
be regulated by hypoxia, VEGF and GLUT-1, were seen
to be elevated in hypoxic macrophages. Induction of
VEGF was predicted given the report by Harmey and her
co-workers™ showing hypoxic stimulation of VEGF re-
lease by IFN-y-primed primary human macrophages in
vitro, and our demonstration of VEGF expression by mac-
rophages in hypoxic sites in breast carcinomas in vivo.'*
Hypoxic induction of VEGF release by macrophages may
be an important part of the pro-angiogenic activities of
macrophages in human tumors.®>'®

VEGF was the only one of the seven mRNA species
previously found to be markedly up-regulated by hypoxia
in squamous cell carcinoma cell lines in vitro,®" which
was also found by us to be up-regulated in hypoxic
macrophages. Since most of these seven previously
identified genes were present on the arrays used by us in
the present study, the lack of accordance suggests that
the effect of hypoxia on gene expression may be cell-
type specific, and that there is therefore no single “hy-
poxic phenotype.”

GLUT-1 was also seen to be up-regulated by hypoxia
at both the mRNA and protein level. This protein is a
glucose transporter expressed ubiquitously in normal tis-
sues but at higher levels in a number of tumors.3? Up-
regulation of GLUT-1 by hypoxia is likely to promote
macrophage survival in ischemic tissues by facilitating
glucose uptake for glycolytic production of energy during
periods of oxygen deprivation. The expression and ac-
tivity of GLUT-1 have been shown to be coupled to en-
ergy status in other cell types, such that inhibition of
oxidative phosphorylation following exposure to hypoxia
leads to stimulation of GLUT-1 levels and thus glucose
transport.33 Ablation of hypoxic induction using a GLUT-1
promoter containing a mutated HRE in our reporter gene
studies indicates that the presence of a fully functional
HIF binding site, and thus presumably HIF-1 (or another
HIF), is required for hypoxic induction of this gene. This
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Figure 5. Immunodetection of GLUT-1 and MMP-7 in human macrophages in vitro and in vivo. These proteins were immunolocalized in/on human MDM grown
on coverslips (GLUT-1, A and B; MMP-7, C and D) following exposure to normoxia (20.9% oxygen, A and C) or hypoxia (0.5% oxygen, B and D) for 16 hours
in vitro. Although low-level expression of immunoreactive GLUT-1 (brown) and MMP-7 (red) can just be seen in the cytoplasm of these cells in normoxia, this
was markedly increased following exposure to hypoxia. Immunoreactive CD68 (E), MMP-7 (F), and HIF-1a (G) proteins were also detectable in macrophages
in focal areas of malignant human breast carcinomas (brown color reaction). CD68 and MMP-7 staining was cytoplasmic, whereas HIF-1a staining was seen in
both the cytoplasm and nuclei of cells. Sections exposed to a negative control antibody showed no staining reaction (not shown). Bar, 20 pum.

accords well with previous studies showing the effects of
hypoxia on the GLUT-1 promoter to be HIF-1-dependent
in murine macrophages' and in various tumor cell
lines.?®2% Qur real-time RT-PCR data, showing a 16.4-
fold induction in GLUT-1 mRNA by hypoxia, closely
matches recent data generated using the same tech-
nigue showing a 13.5-fold increase in GLUT-1 mRNA in
hypoxic murine peritoneal macrophages.'®

We also show, for the first time, that hypoxia stimulates
an increase in mMRNA coding for MMP-7 (matrilysin) as
quantified by cDNA array and real-time RT-PCR analy-
ses. As with GLUT-1, hypoxia not only induced MMP-7
mRNA but also MMP-7 protein in primary macrophages
grown on coverslips. To our knowledge this is only the
second report of an MMP being regulated by hypoxia.
The other was in a recent paper showing MMP-2 up-



regulation by hypoxia in mouse embryonic stem cells, a
phenomenon shown to involve activation of the MMP-2
promoter by HIF-1.3% A gene spot for MMP-2 was present
on the cDNA arrays used in the present study, but the
hybridization signal was below the limit of detection in
both normoxia and hypoxia, so no conclusion can be
drawn as to whether MMP-2 is also regulated by hypoxia
in human macrophages.

MMP-7, the smallest MMP, lacks the C-terminal do-
main restricting the substrate specificity of other enzymes
of this type,®® and so is able to efficiently digest many
components of the basement membrane and extracellu-
lar matrix including proteoglycans, elastin, laminin, fi-
bronectin, versican, and entactin.®¢3" Furthermore,
MMP-7 is important for its role in the proteolytic process-
ing and activation of other molecules such as tumor
necrosis factor,®® urokinase plasminogen activator,®®
a-defensins,*® and MMPs 1, 2, and 9." To date, only
macrophages,*?~** glandular epithelial cells, and tumor
cells®® have been shown to be capable of expressing
MMP-7. MMP-7 is abundantly expressed in malignant
colon, stomach, prostate, lung, and brain tumors,*5~48
and contributes to proliferation, angiogenesis, invasive
tumor behavior, and metastasis.*’°" MMP-7 mRNA and
protein have been localized to both the stromal and ma-
lignant components of human tumors,***¢ and MMP-7
expression has recently been linked to resistance to
doxorubicin chemotherapy, owing to the ability of MMP-7
to cleave Fas ligand from the surface of tumor cells,
blocking the action of the drug.®?

In the present study, tumor-associated macrophages
were shown to express high levels of MMP-7 protein in
hypoxic areas of human breast carcinomas, suggesting
that the hypoxic induction of this protease in macro-
phages may contribute to the resistance of hypoxic tumor
sites to treatment with doxorubicin.®® Collectively, these
studies indicate that increased expression of MMP-7 in
tumors could have important implications for tumor
growth, spread, and response to some forms of therapy.
In this context it is interesting to note that highly necrotic
(hypoxic) breast carcinomas often show high levels of
macrophage infiltration, and that these two features are
associated with poor prognosis in this disease.'®%4

Induction of MMP-7 mRNA/protein expression by hy-
poxia may explain, in part, the high levels of this enzyme
expressed by macrophages in human atherosclerotic le-
sions,*® as these sites are known to be ischemic and thus
low in oxygen.” The fact that MMP-7 levels are high at
sites of plaque rupture suggests that it may be an impor-
tant feature in the progression of certain cardiovascular
diseases.*®

The hypoxic induction of a reporter construct, contain-
ing the human MMP-7 promoter linked to the luciferase
gene, in the RAW 264.7 macrophage cell line suggests
that hypoxic induction of MMP-7 mRNA detected by
cDNA array and RT-PCR analyses of primary macro-
phages may be due, at least in part, to transcriptional
up-regulation. However, this finding must be treated with
caution, as it is based on results from just one cell line,
and other mechanisms such as increases in mRNA sta-
bility under hypoxia could also play a role. Our attempts
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to examine the hypoxic inducibility of the MMP-7 pro-
moter in a second macrophage cell line, U937, proved
inconclusive due to the low general level of luciferase
gene expression produced by this construct in these
cells (data not shown). This could be due to the fact that
U937 cells (unlike primary macrophages and RAW 264.7
cells, according to our studies) failed to express detect-
able levels of MMP-7 protein unless stimulated to differ-
entiate in vitro using the phorbol ester, PMA.%® This sug-
gests that the differentiation and/or activation status of a
macrophage cell line may determine the activity of the
MMP-7 promoter.

Given the recent demonstration of MMP-2 gene induc-
tion by HIF-1 in hypoxic stem cells,>* we were interested
to know whether HIF-1 also played a part in the hypoxic
induction of the MMP-7 promoter in RAW 264.7 cells. We
noted that the human MMP-7 promoter contains a se-
quence closely resembling a HRE at position —617 to
—590 (Table 1), containing a consensus HIF binding site
(HBS; 5'-ACGTG’3) and a cis-acting sequence de-
scribed as the “HIF ancillary site” (HAS).?* The latter has
been found to consist of the core sequences 5'-CACA-3’
or 5’-CACG-3’, and is thought to bind to constitutively
expressed transcription factors and/or form an inverted
repeat structure by base pairing with the HBS, and to
play an important role in the HIF transactivation of such
hypoxia-inducible genes as VEGF.?* However, a trimer of
the HRE-like sequence from the MMP-7 promoter was
found to be incapable of conferring hypoxic inducibility
by acting as an enhancer on the pGL3 promoter reporter
construct, which contains a minimal enhancerless pro-
moter, in RAW cells. This indicates that the putative HRE
in the MMP-7 promoter is unlikely to regulate the hypoxic
inducibility of this gene, although it is possible that cis-
acting elements required for this HRE to function were
absent from the trimer construct used and are essential
for the hypoxic induction of the putative MMP-7 HRE. The
apparent lack of functionality of the putative HRE could
also be due to the fact that the sequence separating the
putative HBS and HAS sites within it is longer (13 bases)
than in other well-characterized HREs (usually 8 or 9
bases),?*

Other possibilities are that the hypoxic inducibility of
MMP-7 transcription is mediated by another HIF binding
site within the promoter, of which there are several, al-
though none have HAS-like sequences nearby. Alterna-
tively, other elements in the MMP-7 promoter could be
responsible for the observed hypoxic induction of MMP-7
transcription. This promoter contains 12 potential binding
sites for the transcription factor CCAAT/enhancer-bind-
ing protein B (C/EBPB or NFIL-6). The insertion of short
sequences containing C/EBP sites confers hypoxic in-
ducibility on certain promoters in both endothelial cells in
vitro and in a transgenic mouse model.*®~°8 An alterna-
tive candidate for mediating transcriptional up-regulation
of MMP-7 in response to hypoxia is Ets-1. The MMP-7
promoter contains two binding sites for Ets-1, and is
known to be up-regulated by over-expression of this tran-
scription factor.®® Furthermore, the Ets-1 promoter con-
tains a HIF binding site and has been shown to be up-
regulated by HIF-1 in a human bladder cancer cell line
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subjected to hypoxia,®® suggesting that hypoxia could
act on the MMP-7 promoter via HIF-1-mediated up-regu-
lation of Ets-1.

The last two hypoxically up-regulated mRNAs identi-
fied by cDNA array analysis of MDMs were those coding
for 1d2 and the receptor for neuromedin B. 1d2 is a helix-
loop-helix (HLH) protein®" which is involved in the prolif-
eration and differentiation of a number of different cell
types.©? 1d2 regulates the activity of basic HLH (bHLH)
transcription factors by heterodimerizing with them via its
HLH domain. Because 1d2 lacks the basic domain re-
quired for DNA binding, the bound bHLH transcription
factor is inactivated. Up-regulation of Id2 by hypoxia
therefore represents a potential novel mechanism of
gene regulation in hypoxic macrophages, and possibly
other cell types, to facilitate their activities and survival in
hypoxia. Neuromedin B receptor (NMBR), a member of
the bombesin receptor family, is widely distributed in
cells of the central nervous system and alimentary tract.®®
NMBR is a high affinity G-protein-coupled receptor which
binds Neuromedin B, a small amidated peptide which
mediates a wide range of effects, including activation of
macrophages.®* The effect of up-regulation of this recep-
tor on hypoxic macrophages would presumably be to
render macrophages more susceptible to activation by
neuromedin (or related molecules) under conditions of
hypoxia. The functional significance of this remains un-
clear.

In summary, this study shows that mRNA levels for
VEGF, GLUT-1, MMP-7, Id2, and NMBR are increased in
primary human monocyte-derived macrophages during
exposure to hypoxia, and that the increases in GLUT-1
and MMP-7 mRNAs are likely to be due, at least in part,
to transcriptional up-regulation by hypoxia. The products
of these up-regulated genes may contribute to the activ-
ities of macrophages in many types of ischemic tissue. Of
particular interest, given the important role of the protein
in many pathological processes, is the finding that
MMP-7 is up-regulated by hypoxia. The data we present
here also have implications for the design of hypoxia-
responsive promoters for use in transcriptional targeting
of macrophage-delivered gene therapies.'” It is clear
that the promoters of VEGF, MMP-7, and particularly
GLUT-1, are highly hypoxia-inducible in macrophages,
and elements from these promoters may prove useful in
the future development of hypoxia-inducible therapeutic
constructs optimized for use in macrophages.
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